Nattokinase is a serine protease in the subtilisin family which is produced by Bacillus subtilis subsp. natto and exhibits vigorous fibrinolytic activity that has been suggested to be able to prevent and treat thromboembolic diseases. In this study, WTC016, a spore-forming and rod-shaped bacterium with fibrinolytic activity was successfully isolated from soil, which was identified as Bacillus subtilis subsp. natto based on morphological and physiological tests, and phylogenetic analysis of 16S rRNA and gyrA. According to the growth curve of WTC016, the nattokinase production reached the highest amount in the stationary phase. To optimize the liquid fermentation condition for nattokinase yield of WTC016, further optimal tests of four factors, including the temperature, pH, inoculum size, and loading volume, followed by orthogonal test of all these factors, was performed. The optimal fermentation conditions were determined as 30 • C, 7.0 pH, 2% inoculum size, and 60 mL of loading volume in 250 mL conical flask, which indicates the highest nattokinase production of 3284 ± 58 IU/mL while fermented for 26 h. This work laid the foundation for producing nattokinase using Bacillus subtilis subsp. natto WTC016.
Introduction
Nattokinase (NK), introduced by Sumi from Natto in 1987 [1] , was produced by Bacillus subtilis subsp. natto and composed of 275 amino acid residues (M.W. = 27,728 Dalton) [2] . NK is one of the most considerable extracellular serine proteinase and exhibits vigorous direct fibrinolytic activity [3] . Besides, NK also can activate the production of tissue plasminogen activator (t-PA), a single-chain protein weight of 70 kDa, which catalyzes the conversion of inactive plasminogen to active plasmin for clot break down [4, 5] . Furthermore, NK enhances its fibrinolysis activity by cleaving the fibrinolysis inhibitor PAI-1 [6] . As it has been proved to be a potent thrombolytic enzyme both in vitro and in vivo [4, 7] , this activity has been suggested to be able to prevent and treat thromboembolic diseases. and then the supernatant was diluted to 0.1 OD at 600 nm and plated on ICPM solid medium [27] . This was cultured at 30 • C for 36 h, then the morphology was observed under a 1000× microscope after simple staining.
Physiological and Biochemical Identification
The physiological and biochemical identification of WTC016 was determined, and Bacillus subtilis subsp. natto BEST195 and Bacillus subtilis subsp. subtilis 168 were used as reference strains [28, 29] .
Phylogenetic Tree Analysis
The primers used for cloning the 16s rRNA gene were 27F (AGAGTTTGATCCTGGCTCAG) and 1492R (TACGYTACCTTGTTACGACT) [29] . The primers used for cloning the DNA gyrase subunit A (gyrA) gene were ATGAGTGAACAAAACACAC and TCACACTTCTTCTTGTTCTT [30] . The total DNA of WTC016 was extracted following the methods as previous report [31] . The 50 µL PCR reaction system incorporated: WTC016 DNA 1 µL, primers 2 µL, dNTP 2 µL, Pfu DNA polymerase 1 µL, 5 × buffer 10 µL, and ddH 2 O were added to bring the final volume to 50 µL. The PCR was carried out in PCR Instrument (Bio-Rad MyCycler, Hercules, CA, USA) with following condition: 94 • C for 5 min; 95 • C for 30 s, 55 • C for 30 s, 72 • C for 2 min, 30 cycles; 72 • C for 10 min; 25 • C for 1 min. After the amplification was completed, the fragment was detected by agarose gel electrophoresis, recovered and sequenced, and then the phylogenetic tree was constructed using MEGA 5.1 software [32] .
Determination of Growth Curve
A single colony was picked up and transferred to fresh liquid LB medium and incubated at 30 • C, 250 rpm overnight until the bacteria reached the stationary phase. The colony was then inoculated with 1 mL inoculum (for 100 mL LB liquid medium) and incubated at 30 • C, 250 rpm for another 24 h. The OD 600 was measured every 1 h.
NK Activity Measurement
Fibrin Plate: The fibrinogen mixture consisted of 1 mL fibrinogen (5 mg/mL), 1 mL agarose solution (1%), 1 unit thrombin, and Tris-HCl buffer (pH 7.0) was poured into each well of the 12-well plate and incubated for 1 h at room temperature. The test sample was placed on the surface and incubated overnight at 37 • C [33] .
Standard Curves of Urokinase Activity: The urokinase was diluted to a concentration of 100, 150, 200, 250, 300, 350, 400, and 450 IU/mL. Each 100 mL was spotted on a new prepared fibrin plate, allowed to stand for 10 min, and incubated at 37 • C for 18 h. The diameter of the lysed areas was then measured [34] . Plasminogen (with no plasmin) and urokinase were used as a negative and positive control, respectively [33] . Then to determine the urokinase enzyme concentration, the area of the transparent circles was calculated [34] .
NK Activity Determination: The strain WTC016 was cultured overnight to the stationary phase (OD 600 = 2.0), inoculated 0.5 mL to 50 mL liquid media and was shaken at 250 rpm, at 30 • C. Every 4 h, the sample was centrifuged at 12,000 rpm for 5 min. Then, a 100 µL of the supernatant was collected and plated on the fibrin plate and incubated for 18 h at 37 • C. The area of transparent circles was determined, which then was used to measure the enzyme concentration (NK equivalent to urokinase concentration in the fermentation broth).
Single-Factor Experiment to Optimize Fermentation Condition
Four single factors, including fermentation temperature, initial pH value, inoculum size, and loading volume were determined.
Fermentation temperature: The strain WTC016 was cultured overnight to the stationary phase (OD 600 = 2.0), and then inoculated as 1% inoculum in 50 mL of liquid LB broth with 1% inoculum in 250 mL flask and fermented at different temperature conditions starting from 26, 28, 30, 32, 34, 36, 38 , and 40 • C, and shaken at 250 rpm for 36 h. The NK concentration was then measured after the fermentation.
Initial pH Value: The strain was cultured overnight to the stationary phase (OD 600 = 2.0) and then inoculated as 1% inoculum in 50 mL of liquid LB broth with initial pH of 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0, shaking at 30 • C and 250 rpm for 36 h in the 250 mL flask The NK concentration was measured after fermentation.
Inoculum Size: The strain was cultured overnight to the stationary phase (OD 600 = 2.0) and then inoculated in 50 mL of liquid LB broth, shaking at 30 • C and 250 rpm for 36 h in the 250 mL flask. The inoculum size was varied as 0.5%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, and 8% (V/V). The NK concentration was then measured after fermentation.
Loading Volume: The strain was cultured overnight to the stationary phase (OD 600 = 2.0) and then inoculated as 1% inoculum in liquid LB broth, shaking at 30 • C and 250 rpm for 36 h in the 250 mL flask. The loading volume of the liquid LB broth was varied as 30, 40, 50, 60, 70, 80, 90 , and 100 mL. The NK concentration was then measured after fermentation.
Orthogonal Test to Optimize Fermentation Condition
According to the above single factor results, the four factors of fermentation temperature, initial pH value, inoculum size, and loading volume were subjected to an L9 (34) orthogonal test [18, 35] . The experimental design was shown in Table 1 . 
Data Analysis
One-way ANOVA was performed using SPSS 19.0 software, while the results were performed using Origin software, and each experiment was repeated at least three times.
Results and Discussion

Isolation and Morphological Characteristics of the WTC016
WTC016 was isolated from soil samples from Lingjia Mountain (Wuhan, Hubei). After being plated on LB medium and cultured for 24 h at 30 • C, the colonies of this strain were round, milky white, with a slightly toothed surface on the edges, opaque, moist, and slightly elevated ( Figure 1 ). Based on simple staining, the bacteria cell was rod-shaped, with a length of 2.0-5.0 µm and a width of 0.5-0.8 µm ( Figure 2A ) after being cultured 24 h. After cultured for 72 h, WTC016 was observed to produce spores ( Figure 2B ). Based on the morphological characteristics of colonies and bacterial vegetative cells/spores described above, WTC016 was identified to be a Bacillus strain. 250 mL flask and fermented at different temperature conditions starting from 26, 28, 30, 32, 34, 36, 38 , and 40 °C, and shaken at 250 rpm for 36 h. The NK concentration was then measured after the fermentation. Initial pH Value: The strain was cultured overnight to the stationary phase (OD600 = 2.0) and then inoculated as 1% inoculum in 50 mL of liquid LB broth with initial pH of 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0, shaking at 30 °C and 250 rpm for 36 h in the 250 mL flask The NK concentration was measured after fermentation.
Inoculum Size: The strain was cultured overnight to the stationary phase (OD600 = 2.0) and then inoculated in 50 mL of liquid LB broth, shaking at 30 °C and 250 rpm for 36 h in the 250 mL flask. The inoculum size was varied as 0.5%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, and 8% (V/V). The NK concentration was then measured after fermentation.
Loading Volume: The strain was cultured overnight to the stationary phase (OD600 = 2.0) and then inoculated as 1% inoculum in liquid LB broth, shaking at 30 °C and 250 rpm for 36 h in the 250 mL flask. The loading volume of the liquid LB broth was varied as 30, 40, 50, 60, 70, 80, 90, and 100 mL. The NK concentration was then measured after fermentation.
Orthogonal Test to Optimize Fermentation Condition
Data Analysis
Results and Discussion
Isolation and Morphological Characteristics of the WTC016
WTC016 was isolated from soil samples from Lingjia Mountain (Wuhan, Hubei). After being plated on LB medium and cultured for 24 h at 30 °C, the colonies of this strain were round, milky white, with a slightly toothed surface on the edges, opaque, moist, and slightly elevated ( Figure 1 ). Based on simple staining, the bacteria cell was rod-shaped, with a length of 2.0-5.0 μm and a width of 0.5-0.8 μm ( Figure 2A ) after being cultured 24 h. After cultured for 72 h, WTC016 was observed to produce spores ( Figure 2B ). Based on the morphological characteristics of colonies and bacterial vegetative cells/spores described above, WTC016 was identified to be a Bacillus strain. 
Molecular Identification of WTC016 Based on Phylogenetic Analysis of 16S rRNA and gyrA Genes
The phylogenetic tree based on partial 16S rRNA gene showed that WTC016 was most similar with B. subtilis subsp. natto BEST195, and affiliated with the B. subtilis group (Figure 3 ), which including B. subtilis and closely related taxa [36, 37] . As 16sRNA analyses were difficult to differentiate the species of B. subtilis group, partial sequence of gyrA gene, which codes for DNA gyrase subunit A and have been used for accurately classifying the species in B. subtilis group (including B. subtilis) [38] , was selected for further molecular identification. The partial gyrA sequence of WTC016 was 100% identical with that of B. subtilis subsp. natto BEST195. In addition, the phylogenetic tree of the partial gyrA sequences classified the WTC016 into B. subtilis (Figure 4 ) 
The phylogenetic tree based on partial 16S rRNA gene showed that WTC016 was most similar with B. subtilis subsp. natto BEST195, and affiliated with the B. subtilis group (Figure 3 ), which including B. subtilis and closely related taxa [36, 37] . As 16sRNA analyses were difficult to differentiate the species of B. subtilis group, partial sequence of gyrA gene, which codes for DNA gyrase subunit A and have been used for accurately classifying the species in B. subtilis group (including B. subtilis) [38] , was selected for further molecular identification. The partial gyrA sequence of WTC016 was 100% identical with that of B. subtilis subsp. natto BEST195. In addition, the phylogenetic tree of the partial gyrA sequences classified the WTC016 into B. subtilis ( Figure 4 ) 
Physiological and Biochemical Identification of WTC016
According to physiological and biochemical identification ( Table 2) Table 2 ). Based on this essential feature in distinguishing Bacillus subtilis subsp. natto from Bacillus subtilis [30] , as well as morphological characteristics of colony and bacterial cell and the result of molecular identification, WTC016 strain was identified into Bacillus subtilis subsp. natto and named as Bacillus subtilis subsp. natto WTC016. 
Test or Characteristic WTC016 B. subtilis subsp. natto BEST195 B. subtilis subsp. subtilis 168
Gram staining 
Physiological and Biochemical Identification of WTC016
According to physiological and biochemical identification ( Table 2) , WTC016 and Bacillus subtilis subsp. natto BEST195 were consistent in all 26 physiological and biochemical indicators, including Gram staining, sugar utilization, and other physiological and biochemical indicators. Meanwhile, WTC016, Bacillus subtilis subsp. natto BEST195 and Bacillus subtilis 168 were only different in the indicator of biotin-deficiency, which was indicated as the biotin-auxotroph in WTC016 and Bacillus subtilis subsp. natto BEST195, while non-necessity of biotin in B. subtilis 168 ( Table 2 ). Based on this essential feature in distinguishing Bacillus subtilis subsp. natto from Bacillus subtilis [30] , as well as morphological characteristics of colony and bacterial cell and the result of molecular identification, WTC016 strain was identified into Bacillus subtilis subsp. natto and named as Bacillus subtilis subsp. natto WTC016. 
Determination of the Growth Curve and NK Yield of WTC016
The growth curve indicated that the growth of WTC016 entered the logarithmic growth phase after 3 h at 30 • C and with 250 rpm shaking in the liquid LB medium. Then the growth of the strain reached the stationary phase at 15 h after 12 h logarithmic growth ( Figure 5A ). At the early stage of fermentation, the amount of NK gradually increased with the increase of fermentation time. At the 26 h, the NK production reached a peak value of 1356.60 IU/mL, which followed with a constant-phase ( Figure 5B ). 
The growth curve indicated that the growth of WTC016 entered the logarithmic growth phase after 3 h at 30 °C and with 250 rpm shaking in the liquid LB medium. Then the growth of the strain reached the stationary phase at 15 h after 12 h logarithmic growth ( Figure 5A ). At the early stage of fermentation, the amount of NK gradually increased with the increase of fermentation time. At the 26 h, the NK production reached a peak value of 1356.60 IU/mL, which followed with a constant-phase ( Figure 5B ). The results indicate that the soil-sourced WTC016 possesses high level of NK productivity, and belongs to Bacillus subtilis subsp. natto. This is quite different from most reports on the discovery of fibrinolytic Bacillus subtilis group spp. strains with NK activity from the fermented food [14] [15] [16] 18, 39, 40] . So far, very few Bacillus subtilis group spp. strains producing NK were isolated from the soils [24] . However, considering that the Bacillus spp. strains can distribute extensively in varied environments and possess multiple biofunctions to use the organic resources, including lignocellulose and fibrin [41] [42] [43] [44] , we predicted the nattokinase-producing Bacillus subtilis spp. strains should also widely distributed in different environments, especially in the soils. Our discovery of the soil-sourced WTC016 has partially supported this prediction.
Single-Factor Experiment to Optimize Fermentation Conditions for NK Production
The NK production increased gradually at the fermentation temperature of 26-30 °C , and reached the highest value at 30 °C , then gradually decreased along with the increase of the temperature. Thus, it can be suggested that the optimal fermentation temperature of WTC016 was 30 °C (Figure 6A) , which is consistent with other strains of B. subtilis subsp. natto [18] . As the optimal temperature for the cultivation of most Bacillus strains [45] , 30 °C should be best for the microbial The results indicate that the soil-sourced WTC016 possesses high level of NK productivity, and belongs to Bacillus subtilis subsp. natto. This is quite different from most reports on the discovery of fibrinolytic Bacillus subtilis group spp. strains with NK activity from the fermented food [14] [15] [16] 18, 39, 40] . So far, very few Bacillus subtilis group spp. strains producing NK were isolated from the soils [24] . However, considering that the Bacillus spp. strains can distribute extensively in varied environments and possess multiple biofunctions to use the organic resources, including lignocellulose and fibrin [41] [42] [43] [44] , we predicted the nattokinase-producing Bacillus subtilis spp. strains should also widely distributed in different environments, especially in the soils. Our discovery of the soil-sourced WTC016 has partially supported this prediction.
The NK production increased gradually at the fermentation temperature of 26-30 • C, and reached the highest value at 30 • C, then gradually decreased along with the increase of the temperature. Thus, it can be suggested that the optimal fermentation temperature of WTC016 was 30 • C ( Figure 6A) , which is consistent with other strains of B. subtilis subsp. natto [18] . As the optimal temperature for the cultivation of most Bacillus strains [45] , 30 • C should be best for the microbial metabolism and the activities of related enzymes, which may include NK. In addition, the temperature also affected the oxygen concentration and mass transfer rate in the fermentation broth, and, therefore, influenced the microbial metabolism [2] . metabolism and the activities of related enzymes, which may include NK. In addition, the temperature also affected the oxygen concentration and mass transfer rate in the fermentation broth, and, therefore, influenced the microbial metabolism [2] . The results presented in Figure 6B confirmed that pH 7.0 is the most conducive for the production of NK in the fermentation broth. This was consistent with the previous report stating that the enzyme activity of NK was generally stable in neutral conditions, and readily inactivated under both acidic and alkaline conditions [46] . It may be decided by that: (1) The pH of the medium can affect the growth of bacteria, the accumulation of metabolites, as well as the stability of metabolites during the fermentation process; (2) the pH of the medium can also influence the dissociation degree of the enzyme, the charge condition, the structure, and function of the protein. All these factors then alter enzyme activity.
As one of critical factor for microorganism fermentation [47] , variation of the inoculum size has a significant influence on the NK production, which indicated the highest level at 2% (V/V) of inoculum size ( Figure 6C ) for the liquid fermentation in flask. It is consistent with that in another strain of Bacillus subtilis subsp. natto [48] , while there was no correspondence with 5% (V/V) of optimal inoculum size in a 7.5 L bioreactor for the liquid fermentation of glucose oxidase in Aspergillus niger W-47, which may be because of the variation of the targeted enzymatic activities, strain species, and fermentation containers [47] .
In terms of the liquid loading volume, NK production in the fermentation broth was highest at 50 mL in the 250 mL flask ( Figure 6D) , which is similar with the previous report [49] . Bacillus natto is an aerobic microorganism and therefore requires large amounts of oxygen to grow and produce NK. An insufficient amount of dissolved oxygen would directly hinder the growth of strains and therefore would yield little NK. In the flask culture, the amount of dissolved oxygen in the fermentation broth was inversely related to the volume of liquid in the flask. This makes the oxygen concentration in the fermentation broth a limiting factor for the synthesis of products, which causes the significant enzymatic decrease when the liquid volume was greater than 50 mL in 250 mL of flask. The results presented in Figure 6B confirmed that pH 7.0 is the most conducive for the production of NK in the fermentation broth. This was consistent with the previous report stating that the enzyme activity of NK was generally stable in neutral conditions, and readily inactivated under both acidic and alkaline conditions [46] . It may be decided by that: (1) The pH of the medium can affect the growth of bacteria, the accumulation of metabolites, as well as the stability of metabolites during the fermentation process; (2) the pH of the medium can also influence the dissociation degree of the enzyme, the charge condition, the structure, and function of the protein. All these factors then alter enzyme activity.
In terms of the liquid loading volume, NK production in the fermentation broth was highest at 50 mL in the 250 mL flask ( Figure 6D ), which is similar with the previous report [49] . Bacillus natto is an aerobic microorganism and therefore requires large amounts of oxygen to grow and produce NK. An insufficient amount of dissolved oxygen would directly hinder the growth of strains and therefore would yield little NK. In the flask culture, the amount of dissolved oxygen in the fermentation broth was inversely related to the volume of liquid in the flask. This makes the oxygen concentration in the fermentation broth a limiting factor for the synthesis of products, which causes the significant enzymatic decrease when the liquid volume was greater than 50 mL in 250 mL of flask.
Orthogonal Array Test to Optimize Fermentation Conditions for NK Production
Based on the single-factor experiment for optimizing each critical factor for fermentation, further statistical analysis for optimizing fermentation condition with multiple critical factors, such as the orthogonal array, was performed [18, 19] . According to Table 1 , four factors, including temperature, initial pH value, inoculum size, and liquid loading volume, were selected for orthogonal array experiment, and each of these factors contained three levels.
The optimal fermentation conditions are 30 • C, pH 7.0, 2% of inoculum size, and 60 mL of loading volume in the 250 mL flask, with which indicated the highest NK production as 3015 ± 116 IU/mL (Table 3) . Moreover, the NK production reached a higher value as 3284 ± 58 IU/mL while we repeated the experiment under such fermentation conditions later. This is 2.74 fold higher than that of the original liquid fermentation of WTC016, which indicates the optimization of the fermentation conditions significant enhances NK production of this fibrinolytic strain. In addition, this extremely high level of NK activity/productivity is much higher than that of the other Bacillus spp. strains in the liquid fermentation in the shaking flask (130-1300 IU/mL) [18, 24, 48] . This implies the significant potential of WTC016 for NK production, which is greatly valuable for the development of dietary supplement and functional food, and the improvement of thrombosis and blood pressure [50] . Table 3 . Orthogonal array test to optimize fermentation condition for NK production.
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Conclusions
In the present research, a fibrinolytic bacterium, WTC016, was isolated from soil samples from Lingjia Mountain (Wuhan, Hubei), and identified as Bacillus subtilis subsp. natto based on morphological, physiological and phylogenetic analysis. WTC016 not only indicated the high level of NK production, but also present a significant enhancement of NK production to extremely high levels under optimized condition of liquid fermentation in small-capacity chamber, such as the shaking flask. It implies this fibrinolytic strain, with significant potential for dietary supplement and functional food, as well as the therapy of thromboembolic diseases, which deserves further investigation, including the nattokinase-coding gene analysis and modification, could be used for the development of liquid or solid batch fermentation in high-capacity bioreactor for NK production. In addition, as an interesting example of the soil-sourced Bacillus spp. strain with extremely high NK production, the discovery of WTC016 implies the extensive distribution of fibrinolytic bacteria, especially the Bacillus subtilis subsp. natto strains, in the soil, which indicates the soil as a treasury of nattokinase-producing bacteria, including Bacillus spp. strains.
